Abstract Hypoxia suppresses osteoblastic differentiation and the bone-forming capacity. As the leading osteoinductive growth factor used clinically in bone-related regenerative medicine, recombinant human bone morphogenic protein-2 (rhBMP-2) has yielded promising results in unfavorable hypoxic clinical situations. Although many studies have examined the effects of rhBMP-2 on osteoblastic differentiation, mineralization and the related signaling pathways, those of rhBMP-2 on osteoblastic cells remain unknown, particularly under hypoxic conditions. Therefore, this study was conducted under a 1% oxygen tension to examine the differentiating effects of rhBMP-2 on osteoblastic cells under hypoxia. rhBMP-2 could also induce the differentiation and mineralization of Osteoblastic (MC3T3-E1) cells under 1% hypoxic conditions. rhBMP-2 could also induce the differentiation and mineralization of MC3T3-E1 cells under 1% hypoxic conditions. rhBMP-2 increased the alkaline phosphatase {ALP} activity in a time dependent manner, and expression of ALP, collagen type-1 (Col-1) and osteocalcin (OC) mRNA were up-regulated significantly in a time-and concentration-dependent manner. In addition, the area of the mineralized nodules increased gradually in a concentration-dependent manner. Western blot analysis, which was performed to identify the signaling pathways underlying rhBMP-2-induced osteoblastic differentiation under hypoxic conditions, showed that rhBMP-2 significantly promoted the phosphorylation of the p38 mitogen-activated protein kinase (MAPK) in a time-dependent manner. A pretreatment with SB203580, a p38 MAPK inhibitor, inhibited the rhBMP-2-mediated differentiation and mineralization. Moreover, the phosphorylation of p38 induced by rhBMP-2 was inhibited in response to a pretreatment of the cells with Go6976, a protein kinase D {PKD) inhibitor. These findings suggest that rhBMP-2 induces the differentiation and mineralization of MC3T3-E1 cells under hypoxic conditions via activation of the PKD and p38 MAPK signaling pathways.
Introduction
The O 2 tension in healthy tissues is generally between 2.5-9% oxygen. On the other hand, a disruption of the blood supply to diseased or damaged tissues can result in multiple transient or chronic hypoxic microenvironments, where the O 2 tensions can be as low as \1% oxygen [1] . Given that a vascular interruption following a bony and soft tissue injury causes a transient hypoxic gradient within the wound, hypoxia can occur in bone fractures [2] and within the bone graft sites [3] . This is prevalent in situations, such as aging [4] , inflammation [1] and diabetes [5] . Hypoxia affects osteoblast proliferation and mineralization by regulating the expression of many genes in osteoblasts, bone-forming cells, and consequently plays an important role in the bone pathophysiology. The effects of a low oxygen tension on the genes involved in osteoblast proliferation and differentiation is controversial and a wide range of responses have been reported [6] [7] [8] . Generally, osteoblasts and their differentiation tends to be inhibited by hypoxia [9, 10] .
To enhance new bone formation and bone repair, osteoinductive proteins, such as bone morphogenetic proteins (BMPs), have been used in a variety of challenging clinical situations in orthopedics and oral and maxillofacial surgery, such as spine surgery, bisphosphonate-associated osteonecrosis of the jaw, vertical bone augmentation in dental implantology, periodontology, and tumor reconstructive surgery [11] [12] [13] . Since Urist first described the bone inductive proteins isolated from the demineralized bone matrix [14] , more than 30 members of the BMP family have been identified, and recombinant deoxyribonucleic acid technology has allowed the production of recombinant human BMP-2 (rhBMP-2) and recombinant human BMP-7 (rhBMP-7) in large quantities. Among these, rhBMP-2 has very high osteogenic activity and promotes bone repair in a range of situations according to various preclinical [15] [16] [17] [18] and clinical studies [19, 20] .
BMPs play an important role in osteoblast differentiation and bone remodeling by inducing different signaling pathways in the cells. The BMP signaling pathways are mediated primarily by Smad proteins [21] . Other non-Smad signaling pathways, such as the mitogen-activated protein(MAP) kinase super family are also involved in osteoblastogenesis [22] [23] [24] . Lemonnier et al. [25] indicated the possible mediators between BMP receptors and MAPKs and suggested the involvement of protein kinase D(PKD) in the activation of c-Jun N-terminal kinases(JNK) and p38 induced by BMP-2. Many studies have examined the effects of rhBMP-2 on osteoblastic differentiation, mineralization and the related signaling pathways [23, [25] [26] [27] [28] . On the other hand, the effects of rhBMP-2 on osteoblastic cells under hypoxic conditions, which clinicians encounter frequently in clinical situations requiring bone regeneration and repair, as well as the precise molecular mechanisms underlying these effects are unknown.
Therefore, this study examined the effects of rhBMP-2 on the differentiation and mineralization of mouse preosteoblastic MC3T3-E1 cells under hypoxic conditions and their underlying pathways.
Materials and methods

Cell culture
This study was exempted ethical approval and consent because of using commercial cell line. MC3T3-E1 cells, a murine osteoblastic cell line, were purchased from the American Type Culture Collection (ATCC) (Rockville, MD, USA). The MC3T3-E1 cells were cultured in a-minimal essential medium (a-MEM)(Gibco BL, Gland island, NY, USA) with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin, and incubated in a humid incubator at 37°C, 95% O 2 and 5% CO 2 .
Differentiation under hypoxic conditions
For osteoblast differentiation, the MC3T3-E1 cells were seeded onto a 24-well plate or 100 mm culture dish and allowed to reach confluence. At confluence (day 0), the cells were induced with osteogenic medium, which was comprised of the above growth medium supplemented with 10 mM bglycerophosphate and 50 lg/ml ascorbic acid. The cells were transferred to a hypoxic chamber (Anaerobic System PROOX model 110; BioSpherix, Lacona, NY, USA) with 95% N 2 and 5% CO 2 at 37°C. The osteogenic media were replaced every 2-3 days. The cells were then incubated within the chamber for different time intervals (1, 3, 7 , and 14 days). The cells were exposed to a 1% oxygen tension. The rhBMP-2 (Cowellmedi, Pusan, Korea) and p38 MAPK and PKD inhibitors (SB203580, Go6976) (Calbiochem, San Diego, CA, USA) were dissolved in D.W and DMSO, and then diluted 1000-fold with the cell culture medium. rhBMP-2 was then added to the medium at different concentrations. The final working concentration was 100 ng/ml for rhBMP-2.
Alkaline phosphatase (ALP) assay
The MC3T3-E1 cells (2 9 10 5 ) were plated in 24-well plates and cultured in the osteogenic media for 1 day, and then treated with or without rhBMP-2. The medium and rhBMP-2 were renewed every 3 days. After the treatment with rhBMP-2 at the required dose and time, the cells were washed twice with phosphate-buffered saline (PBS). Subsequently, lysis buffer 500 lL (10 mMTris-HCl (pH 7.5), 0.5 mM MgCl 2 , 0.1% Triton-X) was added and the resulting mixture was sonicated on ice to lyse the cells. The protein concentrations were measured using the Bradford protein assay. The final concentration of the protein used in this work was 50 lg. The lysates were incubated with 200 lL ALP reaction buffer [25 mM Glycine (pH 9.4), 0.1% Triton X-100, 2 mM MgCl 2 , and 5mMp-nitrophenyl phosphate] for 1 h at 37°C. The reaction was quenched using 200lL of 1 M NaOH, and the ALP activity was measured from the optical absorbance at 405 nm using a microplate reader.
Alizarin red S staining for mineralization analysis
The mineralization of MC3T3-E1 cells was determined by Alizarin Red staining. The cells were grown in osteogenic media and treated with rhBMP-2 for 7 -14 days. The differentiation medium and rhBMP-2 were changed every 3 days. The cells were fixed with 70% ethanol for 1 h, washed 3 times with distilled water, and then stained with 1% Alizarin Red S (Sigma, Louis, Mo, USA) solution (pH 4.2) for 10 min. The cells were then washed 3 times with distilled water. To quantify the level of calcium deposition, the cells were destained with 10% cetylpyridinium chloride (Sigma, Louis, Mo, USA) and transferred to a 96-well plate, and the absorbance was measured at 550 nm using a microplate reader, as described previously.
Western blot assay
The cells (2 9 10 6 ) were plated in 100 mm culture dishes. After 24 h, the cultured cells were treated with rhBMP-2 and/or a combination treatment of sb203580 and Go6976. The cells were incubated in RIPA buffer (Cell Signaling Technology, Danvers, MA, USA) at 4°C for 1 h. The cells were then centrifuged at 14 000 rpm for 30 min at 4°C and the protein extract of the cells was transferred. The protein concentrations were determined using a Bio-Rad Protein Assay Kit (Bio-Rad, Richmond, CA, USA). Equal amounts of protein (20 lg) were separated by 10%SDS polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, CA, USA). The PVDF membranes were blocked with 5% fat-free dry milk in PBS for 1 h. The membranes were incubated overnight with the primary antibodies for ATF2, phosphor-ATF2, p38MAPK, phospho-p38 MAPK, PKD/PKCl, and phospho-PKD/PKCl (Cell signaling, Beverly, MA, USA). After incubation, the membranes were developed using SuperSignal West Femto enhanced chemiluminescence Western blotting detection reagent (Pierce, Rockford, IL, USA)., and the bands were exposed and analyzed using an Alpha Imager HP (Alpha Innotech, Santa Clara, CA, USA).
Real-time RT-PCR
The total RNA was prepared from the cultured MC3T3-E1 cells using a Trizol reagent (Invitrogen, San Diego, CA, USA) according to the manufacturer's instruction. The RNA concentration was measured by NanoDrop 1000 (Thermo Fisher Scientific, Wilmington, DE, USA) and cDNA was synthesized from 1 lg of the total RNA using a PrimeScript RT reagent kit (Takara Bio, Shiga, Japan). qPCR was conducted on an ABI 7500 Fast Real-Time PCR System (Applied Biosystems 7500 System, Foster City, CA, USA; with Sequence Detection System(SDS) software version 2.0.1) using a SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). The sense and antisense primers used were as follows: mouse Alp sense, 5 0 -GACTGGTACTCGGATAACGAGA-3 0 and antisense, 5 0 -CTCATGATGTCCGTGGTCAATC-3 0 ; mouse Col1 sense, 5 0 -ACCTCCCAGTGGCGGTTATGAC-3 0 and antisense, 5 0 -AGTTCTTCTGAGGCACAGACGG-3 0 . The change from the control values was set to 1-fold, and the fold change relative to the control values was obtained and used to express the change in gene expression.
Statistical analysis
The results are representative of at least 3 independent experiments and are expressed as the mean ± SEM. All data was analyzed using GraphPad Prism software (GraphPad Prism, Version 5, San Diego, CA). One-way ANOVA models were used to compare the expression levels using a Dunnett's multiple comparison test as a post hoc analysis. The significance level was set to 0.05.
Results
Effects of rhBMP-2 on the differentiation and mineralization of hypoxic MC3T3-E1 cells
Osteoblast markers, such as ALP, Col-1 and OC, and the ALP activity were examined after 1, 3, 7, and 14 days of treatment with 0-500 ng/mL of rhBMP-2 to evaluate the differentiating effect of rhBMP-2 on the osteoblastic cells under hypoxia (Figs. 1, 2 ). rhBMP-2 time-dependently increased the ALP activity (P \ 0.001), which gradually increased until day 14. The expression of ALP, Col-1 and OC mRNA were up-regulated significantly in a time-and Fig. 1 Effects of rhBMP-2 on the ALP activity of MC3T3-E1 cells under hypoxic conditions. MC3T3-E1 cells were cultured in osteogenic medium containing various concentrations (0, 10, 50, 100, 250 and 500 ng/ml) of rhBMP-2, as indicated, for 1, 3, 7, and 14 days, under hypoxic conditions. The ALP activity in the lysates of these cells was then determined by an enzymatic assay. rhBMP-2 time-dependently promoted the ALP activity (p \ .001). On the other hand, there was no significant correlation between the ALP activity and concentration of rhBMP-2. Each value represents the mean ± -SEM of the fold increase over the control
concentration-dependent manner (P \ 0.001). Moreover, as shown in Fig. 3 , the area of the mineralized nodules, which was positively stained, increased gradually in a concentration-dependent manner after 14 days of culture by Alizarin red S staining.(P \ 0.01) These results confirmed the previously demonstrated osteoinductive potential of rhBMP-2 and suggested that it can also stimulate the differentiation of osteoblastic cells, even under hypoxic conditions.
rhBMP-2 induces the differentiation and mineralization of hypoxic MC3T3-E1 cells via the p38 MAPK pathway
The signaling pathway underlying the differentiation effects of rhBMP-2 in MC3T3-E1 cells was examined under hypoxic conditions. When the hypoxic cells were treated with 100 ng/ mL rhBMP-2 for 120 min, the phosphorylation of p38 MAPK was promoted in a time-dependent manner (Fig. 4A) . To confirm that rhBMP-2-mediated osteoblast differentiation and mineralization resulted from the activation of p38 MAPK, a pharmacological study using a p38 MAPK inhibitor (SB203580) was induced. In the presence of SB203580, the phosphorylation of activating transcription factor 2(ATF 2), a specific target protein for p38 MAPK, was blunted significantly (Fig. 4B ). In addition, the ALP activity, BMP-2-induced differentiation markers expression (ALP, Col-1 OC) and the formation of mineralized nodules were inhibited when pretreated with SB203580 (Fig. 4C, D, E) . Therefore, the p38 MAPK pathway may be essential for the rhBMP-2-mediated differentiation of hypoxic MC3T3-E1 cells.
rhBMP-2 activates p38 MAPK via the PKD pathway in hypoxic MC3T3-E1 cells
Previous studies have reported that PKD participate in the BMP-2-mediated osteoblastic cell differentiation by The cells were cultured in osteogenic medium containing different concentrations (0, 10, 50, 100, 250 and 500 ng/ml) of rhBMP-2 for 14 days. The formation of mineralized nodules was then observed by Alizarin red S staining. Quantification of Alizarin red S staining was performed after extraction with ethylpyridium chloride. Each value represents the mean ± SEM of the fold increase over the control. *P \ 0.01, **p \ 0.001, ***p \ 0.0001 Fig. 2 Effect of rhBMP-2 on the expression of the differentiation markers of MC3T3-E1 cells under hypoxic conditions. The cells were treated with increasing concentrations (0, 10, 50, 100, 250 and 500 ng/ml) of rhBMP-2, as indicated, for 1, 3, 7, and 14 days, under hypoxic conditions. The total mRNA of ALP, Col-1 and OC was collected on days 1, 3, 7, and 14 from hypoxic cultured cells and the gene expression was determined by a real-time reverse transcriptionpolymerase chain reaction. A-C Each value represents the mean ± -SEM of the fold increase over the control activating MAPKs. Therefore, this study examined the involvement of PKD in the effect of rhBMP-2 on the differentiation of MC3T3-E1 cells under hypoxic conditions. rhBMP-2 time-dependently stimulated the phosphorylation of PKD and p38, which was inhibited by pretreating the cells with Go6976, a PKD inhibitor (Fig. 5A, B) . In addition, the rhBMP-2-mediated induction of the osteoblast marker genes, ALP activity and the formation of mineralized crystals were all inhibited by Go6976 (Fig. 5C, D, E) . These results suggest that rhBMP-2 can induce the differentiation of MC3T3-E1 cells by activating the PKD and p38 signaling pathways.
Discussion
rhBMP-2 is one of the most researched and published therapeutic growth factors that have been approved to enhance the growth of bone for the clinical use for orthopedic and craniofacial indications using several different carrier technologies. In addition, it has become the leading osteoinductive growth factor used clinically in bone-related regenerative medicine. Although several studies have shown that BMP-2 stimulates osteoblastic differentiation in vitro [29] [30] [31] , they were conducted Fig. 4 Effects of rhBMP-2 on the activation of p38 in MC3T3-E1 cells under hypoxic conditions. A The cells were treated with 100 ng/ ml of rhBMP-2 for up to 120 min. This enhanced time-dependently phosphorylation of p38 MAPK. B The cells were pretreated with 10 or 20 lM of SB203580, a p38 MAPK inhibitor, for 2 h, exposed to 100 ng/ml of rhBMP-2 for 1 h, and the levels of the phosphorylated form of ATF2, a p38 target protein, were then determined by Western blot analysis. GAPDH served as a reference protein.
C-E The cells were cultured in osteogenic medium containing 0 or 100 ng/ml of rhBMP-2, in the absence or presence of SB203580 for 14 days. C The formation of mineralized nodules was observed by staining with Alizarin Red S, which was then quantified after extraction with ethylpyridium chloride. D The ALP activity in the lysates of these cells were then determined by an enzymatic assay. E The expression of the osteogenesis-associated mRNAs was determined. Each value represents the mean -SEM of the fold-change increase over the control. *p \ 0.01
Tissue
under normoxic conditions. The effects of BMP-2 on osteoblastic differentiation and mineralization under hypoxic conditions is unknown. Furthermore, rhBMP-2 has yielded promising results in a variety of clinical scenarios, some of which are expected to be hypoxic conditions. Therefore, the differentiation effects of rhBMP-2 on MC3T3-E1 cells under 1% hypoxic conditions, which are analogous to the oxygen tension observed in a bone and soft tissue injury [32] , and the related signaling mechanisms were evaluated.
The ALP activity, which is a marker of early osteoblastic differentiation, increased gradually throughout the experimental period and reached its highest value on day 14. The levels of ALP, OC, and Col-1 mRNA expression were increased in a time-and concentrationdependent manner. In particular, after a 24 h treatment of rhBMP-2 in hypoxic MC3T3-E1 cells, it potentially induced the expression of these osteogenic genes and ALP activity. This early gene induction indicates that rhBMP-2 may stimulate early osteoblast differentiation. Fig. 5 Effects of rhBMP-2 on the activation of the signaling molecules in MC3T3-E1 cells under hypoxic conditions. A The cells were treated with 100 ng/ml of rhBMP-2 for up to 120 min. This enhanced phosphorylation of p38 and PKD in a time-dependent manner. B The cells were pretreated with 10 or 20 lM of Go6976, a PKD inhibitor, for 2 h, exposed to 100 ng/ml of rhBMP-2 for 1 h, and the levels of the phosphorylated form of p38 and PKD were then determined by Western blot analysis. GAPDH served as a reference protein. C-E The cells were incubated in osteogenic medium containing 0 or 100 ng/ml of rhBMP-2, in the absence or presence of Go6976 for 14 days. C The formation of mineralized nodules was observed by staining with Alizarin Red S, which was then quantified after extraction with ethylpyridium chloride. D The ALP activity in the lysates of these cells was then determined by an enzymatic assay. E The expression of the osteogenesis-associated mRNAs was determined. Each value represents the mean -SEM of the foldchange increase over the control. *p \ 0.01
Alizarin Red staining showed that the mineralized area in hypoxic MC3T3-E1 cells was formed in a concentrationdependent manner by rhBMP-2 on day 14. Calcium deposition is used widely as a marker for the late differentiation of osteoblast cells, which indicates that BMP-2 can also promote late osteoblast differentiation. Overall, these results suggest that rhBMP-2 stimulates the maturation and function of osteoblasts by regulating early and late osteoblast differentiation, even under hypoxic conditions.
In the present study, the expression of osteogenesis-associated mRNAs and the area of mineralized nodules increased significantly with increasing rhBMP-2 concentration. The concentration of rhBMP-2 is one of several factors influencing the osteoinductive ability of rhBMP-2 with the possible presence of inhibitors, type of carrier, duration of BMP action, recipient site [33] [34] [35] . The combination of rhBMP-2 and an absorbable collagen sponge at a 1.5-mg/cc concentration (INFUSE Ò Bone Graft, Medtronic Spinal and Biologics, Memphis, TN) was FDA-approved for a range of clinical situations in orthopedics and oral and maxillofacial surgery. In the bone graft procedure, BMP-2 is needed at supraphysiologic doses to enhance bone regeneration. The concentration of naturally occurring BMP within the human bone matrix is 1 lg/g bone, which is several orders of magnitude lower than the concentrations applied in clinical studies. Several studies have reported an inverse correlation between the quality of newly formed bone induced by rhBMP-2 and its dose [36] [37] [38] [39] . In addition, using high doses of rhBMP-2 in clinical use may contribute to numerous adverse effects, including cyst-like bone formation, severe tissue inflammation and cervical swelling [40] , and osteoclast activation with transiently elevated bone resorption [41] . Cyst-like bone formation, which is diagnosed as a seroma, is observed particularly frequently when high doses of rhBMP-2 required for human bone regeneration are applied [42] . This can be explained on a molecular level, based on published reports showing that osteogenesis and adipogenesis can be induced simultaneously by BMP-2 [43] . This unexpected phenomenon can promote the potentially inferior mechanical properties of the newly formed bone tissue. Therefore, the optimal dose to both enhance bone regeneration and minimize the side effects of rhBMP-2 should be determined.
Both Smads and MAPK pathways are essential components in BMP-2-mediated osteoblast differentiation [21] [22] [23] [24] . MAPKs are involved in the cellular response to growth factors, cytokines, or environmental stress and control many cellular events, including cell proliferation, differentiation, and cell death. They include extra cellular signal-regulated kinase (ERK), p38 kinase and c-Jun N-terminal kinase (JNK). Several studies have demonstrated that p38 plays a crucial role in osteoblast differentiation mediated by BMP-2 [23, [25] [26] [27] [28] .. In addition, it plays an important role in the cellular responses to stress stimuli, such as cytokines, ultraviolet irradiation, heat shock, and osmotic shock. Therefore, this study examined the involvement of p38 MAPK in the rhBMP-2-induced differentiation of MC3T3-E1 cells under hypoxic conditions. rhBMP-2 could phosphorylate p38 MAPK in hypoxic MC3T3-E1 cells in a time-dependent manner using a western blot assay. (Fig. 4A) In addition, the rhBMP-2-induced differentiation and mineralization of hypoxic MC3T3-E1 cells was reversed in the presence of SB203580, a specific p38 MAPK inhibitor. These results suggest that p38 MAPK plays an important role in the differentiating effect of rhBMP-2 on MC3T3-E1 cells under hypoxic conditions. PKD is involved in fundamental biological processes, such as signal transduction, membrane trafficking and cell survival, migration, differentiation, and proliferation. Previous studies reported that PKD is required for the differentiating effect of BMP-2 on osteoblastic cells, and the activation of PKD induced by BMP-2 is involved in osteoblastic cell differentiation by activating the MAPK pathways [25, 28] . In the present study, rhBMP-2 up-regulated the phosphorylation of PKD under hypoxic conditions. G06976, a PKD inhibitor blocked the activation of p38 and the phosphorylation of PKD induced by BMP-2. Moreover, when the cells were treated with G06976, rhBMP-2-induced mineralization, expression of the differentiation marker and ALP activity were all suppressed significantly. These results indicate that BMP-2 can induce the activation of PKD in osteoblastic cells and that this kinase is involved in the activation of p38 induced by BMP-2. Therefore, this pathway appears to be essential to the differentiation effect of BMP-2 in hypoxic MC3E3-T1 cells.
In summary, these results suggest that BMP-2 promotes the differentiation and mineralization of osteoblastic MC3T3-E1 cells under hypoxic conditions via the p38 MAPK and PKD signaling pathway.
Ethical statement There are no animal experiments carried out for this article.
